Abstract GABA A receptors, the major mediators of fast inhibitory neuronal transmission, are heteropentameric glycoproteins assembled from a panel of subunits, usually including a and b subunits with or without a c2 subunit. The a1b2c2 receptor is the most abundant GABA A receptor in brain. Co-expression of c2 with a1 and b2 subunits causes conformational changes, increases GABA A receptor channel conductance, and prolongs channel open times. We reported previously that glycosylation of the three b2 subunit glycosylation sites, N32, N104 and N173, was important for a1b2 receptor channel gating. Here, we examined the hypothesis that steric effects or conformational changes caused by c2 subunit co-expression alter the glycosylation of partnering b2 subunits. We found that coexpression of c2 subunits hindered processing of b2 subunit N104 N-glycans in HEK293T cells. This c2 subunitdependent effect was strong enough that a decrease of c2 subunit expression in heterozygous GABRG2 knockout (c2 ?/-) mice led to appreciable changes in the endoglycosidase H digestion pattern of neuronal b2 subunits. Interestingly, as measured by flow cytometry, c2 subunit surface levels were decreased by mutating each of the b2 subunit glycosylation sites. The b2 subunit mutation N104Q also decreased GABA potency to evoke macroscopic currents and reduced conductance, mean open time and open probability of single channel currents. Collectively, our data suggested that c2 subunits interacted with b2 subunit N-glycans and/or subdomains containing the glycosylation sites, and that c2 subunit co-expressiondependent alterations in the processing of the b2 subunit N104 N-glycans were involved in altering the function of surface GABA A receptors.
Introduction N-linked glycosylation occurs in approximately two-thirds of proteins, is important for protein biogenesis and function [1] and may be disrupted in disease-causing mutations [2] . In the endoplasmic reticulum (ER), N-glycan precursors are co-translationally transferred to protein glycosylation sites. These attached N-glycans are subjected to intensive processing in the ER and Golgi apparatus and are conferred with endoglycosidase H (endo H) resistance by Golgiresident enzymes [3] . Usually, endo H resistance of Nglycans correlates with trafficking of a glycoprotein beyond the Golgi apparatus. However, the presence of an endo H-sensitive N-glycan does not necessarily indicate ER retention of glycoproteins because subunit folding and/ or assembly can sterically hinder N-glycan processing [4] .
GABA A receptors, the predominant mediators of inhibitory synaptic transmission in brain, are involved in nearly every aspect of brain activity. The receptors are pentamers assembled from combinations of nineteen subunit subtypes (a1-6, b1-3, c1-3, d, e, h, p and q1-3) [5] . Subunit composition influences channel properties of GABA A receptors profoundly. For instance, abc receptors generally have larger conductance, longer mean open time, and different kinetic properties than ab receptors [6] [7] [8] .
Despite the well-established functional differences between a1b2 and a1b2c2 channels, the underlying bases for these differences remain incompletely understood.
We demonstrated previously that the b2 subunit extracellular N-terminal domain contains three N-linked glycosylation sites: N32, N104 and N173 [9] . These glycosylation sites are especially well positioned to alter inter-subunit interactions at the c-b or b-a interface. Molecular modeling predicts that a very short segment including the first glycosylation site of b3 [10] and b2 subunits (not shown) interacts strongly with a crucial sequence (residues 83-90 of the c2 subunit [11] ) that allows oligomerization of the b and c subunits. Moreover, b3 subunit residue N33 [10] forms a direct salt bridge with the c2 subunit residue R82 that transduces GABA binding at the a-b interface into channel opening [12] . Similarly, the second b2 subunit glycosylation site is immediately across from the c2 subunit region that is homologous to the GABA receptor ''C loop'' at the subunit interface. Finally, the b2 subunit residue N173 lies within loop 7 (the ''signature cys loop'') that interacts with the linker sequence between transmembrane domains 2 and 3 and transduces ligand binding into channel activation. Given that N-linked glycosylation could regulate channel gating of GABA A receptors [9] , we hypothesized that the functional effects of c2 subunit incorporation might involve altered N-glycan processing of partnering a1 or b2 subunits. We found that there was indeed a complex interdependency between b2 subunit glycosylation and c2 surface expression. First, c2 subunit co-expression changed endo H digestion patterns of partnering b2 subunits by preventing N104 N-glycans from acquiring endo H resistance in the Golgi apparatus. Moreover, a comparison of endo H digestion patterns of b2 subunits obtained from wild-type and heterozygous GABRG2 knockout mice (c2 ?/-) revealed that prevention of N-glycan processing occurred in vivo and depended on expression levels of c2 subunits. Conversely, surface expression of c2 subunits was affected by b2 subunit glycosylation and mutating any of the three b2 subunit glycosylation sites decreased surface levels of a1b2c2S receptors. We also found that b2 subunit glycosylation site mutations decreased GABA potency, and that the N104Q mutation, specifically, decreased conductance and mean open time of single-channel currents. These results advance our understanding of how protein glycosylation helps regulate the expression and function of GABA A receptors in a subunit-specific fashion.
Experimental Procedures

DNA Constructs
Complementary DNA (cDNA) encoding the human GABA A receptor a1, a3, b2, c2S or c2L subunit polypeptide, was inserted into a pcDNA3.1(?) vector. The FLAG epitope, DYKDDDDK, was introduced between the 8th and 9th amino acids of the mature a1 subunit polypeptide or between the 4th and 5th amino acids of the mature b2 or c2S subunit polypeptide [13] . Three b2 subunit glycosylation sites, N32, N104 and N173, counting from the first methionine of the immature polypeptide, were individually mutated to glutamine using the QuikChange Site-Directed Mutagenesis Kit (Stratagene).
Cell Culture and Transfection
Human embryonic kidney cells (HEK293T) were incubated at 37°C in 5 % CO2/95 % air and grown in Dulbecco's Modified Eagle Medium (Invitrogen) supplemented with 10 % fetal bovine serum (Invitrogen) plus 100 IU/ml each of penicillin and streptomycin (Invitrogen). Altogether, 1 lg each of a1/3, b2 and c2 subunit plasmids were mixed with 9 ll of FuGENE 6 transfection reagent (Roche Applied Science) and incubated with about 4 9 10 5 cells in a 60 mm diameter culture dish. For binary a1b2 subunit co-expression, empty vector was added so that the same total mass of DNA was transfected for all subunit combinations. In experiments using different sizes of culture dishes, the DNAFuGENE 6 mixture volumes were scaled up or down proportionally to the surface areas. Cells were used for experiments 48 h after transfection. For whole cell recording, plasmids were introduced into cells using the modified calcium phosphate precipitation method [6] . To select for positively transfected cells, pHook-1 (Invitrogen) plasmids in the amount of one sixth of the total amount of subunit plasmids or 10 ng of GFP plasmids was co-transfected. Cells expressing pHook were selected using immunomagnetic beads 1 day after transfection, and were recorded the next day after selection [14] .
Endoglycosidase Digestions
Membrane or surface biotinylated proteins from HEK293T cells, or immunopurified protein complexes from neonatal mice were subjected to endo H or peptide N-glycosidase-F (PNGase F) digestion (New England BioLab) at 37°C for 3 h. All procedures using mice were approved by the Vanderbilt Institutional Committee for Animal Use and Care.
Western Blots
Transfected HEK293T cells were broken by freeze-andthaw cycles. The cytoplasmic fraction was then separated by centrifugation. The pellet containing the membrane fraction was extracted using radio-immune precipitation assay (RIPA) buffers, which contained 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1-2 % NP-40, 0.25-0.5 % sodium deoxycholate and protease inhibitor cocktail (Sigma-Aldrich). Insoluble components were removed by centrifugation at 16,000X g for 30 min. The supernatants were either subjected to further glycosidase treatment or directly subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins in gels were transferred to polyvinylidene fluoride (PVDF) membranes (Millipore).
A monoclonal anti-GABA A receptor a1 subunit antibody (final concentration 5 lg/ml; clone: BD24, Millipore) was used to detect a1 subunits, and a monoclonal anti-GABA A receptor b2/3 subunit antibody (4 lg/ml; clone: 62-3G1, Millipore) or polyclonal rabbit anti-GABA A receptor b2 subunit cytoplasmic loop antibody (0.2 lg/ml; Millipore) was used to detect control (wild-type subunits in the control condition) or mutant human b2 subunits. Polyclonal rabbit anti-GABA A receptor c2 subunit antibodies (0.8 lg/ml; Alomone) were used to detect c2 subunits. Following incubation with primary antibodies, secondary goat antimouse or anti-rabbit IgG heavy and light chain antibodies conjugated with horseradish peroxidase were used at a 1:10,0009 dilution (Jackson ImmunoResearch laboratories) for visualization of specific bands in enhanced chemiluminescent detection system (Amersham Biosciences).
The signals were collected in a digital ChemImager (Alpha Innotech). The integrated density volumes (IDV; pixel intensity 9 mm 2 ) were then calculated using the FluorChem 5500 software. Adjusted IDVs (normalized to loading control Na ? /K ? -ATPase IDVs) of mutant and partnering subunits were expressed as % of adjusted IDVs of corresponding control subunits. Data were expressed as mean ± SD.
Immunoprecipitation
Generation of mutant mice with c2 subunit deficiency (c2 ?/-) has been described previously [15] . Wild-type (c2
), and heterozygous (c2 ?/-) and homozygous (c2 -/-) mutant mice were obtained by intercrossing heterozygous mice, but only c2
?/? and c2 ?/-mice were used. Postnatal day 1 or day 2 mice were deeply anesthetized with isoflurane and decapitated under a protocol approved by Vanderbilt University's Institutional Animal Care and Use Committee. The whole brain excluding cerebellum from each of the neonatal mice was extracted separately using RIPA buffer. Insoluble components were removed by centrifugation at 16,000X g for 30 min. GABA A receptor protein complexes from each brain extract were immunoprecipitated using 10 lg monoclonal anti-GABA A receptor b2/3 subunit antibodies. The immunoprecipitated protein complexes were further subjected to endoglycosidase digestions or directly resolved by SDS-PAGE.
Surface Biotinylation
HEK293T cell surface proteins were biotinylated with membrane impermeable reagent sulfo-NHS-SS-biotin (1 mg/ml, Thermo Scientific) in phosphate buffered saline containing 0.1 mM CaCl 2 and 1 mM MgCl 2 (PBS ? CM) at 4°C for 1 h. After incubation, the biotin was quenched with 0.1 M glycine in PBS ? CM. Following washes with PBS ? CM, cells were lysed in RIPA buffer supplemented with protease inhibitors (Sigma-Aldrich). After centrifugation to pellet cellular debris, the biotin-labeled plasma membrane proteins were pulled down by streptavidin beads (Thermo Scientific) at 4°C overnight.
Surface Expression Measurement Using Flow Cytometry
Measurement of surface expression of GABA A receptor subunits using flow cytometry has been described previously [13] . Briefly, cells were trypsinized and then resuspended in FACS buffer (phosphate buffered saline, PBS supplemented with 2 % FBS and 0.05 % sodium azide). Following washes with FACS buffer, cells were incubated with anti-FLAG IgG directly conjugated with R-Phycoerythrin (PE, 1:50 dilution, Martek) for 1 h. Cells were then washed with FACS buffer and fixed with 2 % paraformaldehyde. The surface fluorescence intensity of each cell was measured using a LSR II (BD Biosciences).
The acquired data were analyzed using FlowJo 7.1 (Treestar, Inc.). Mean fluorescence of the viable population, which excluded 7-amino-actinomycin D (7-AAD; Invitrogen), of a given experimental condition was obtained. To account for cell auto-fluorescence and nonspecific staining, mean fluorescence of mock transfected cells (transfected with empty vector, pcDNA3.1(?)) were subtracted from that obtained in each experimental condition. For comparison among various experimental conditions, the mock-subtracted mean fluorescence value for each experimental condition was expressed as a percentage of that with control subunit co-expression. Data were expressed as mean ± SD.
Recording and Analysis of Macroscopic GABA Evoked Currents As described before [16] , voltage-clamp whole cell recordings were performed on transfected HEK293T cells bathed in an external solution consisting of 142 mM NaCl, 8 mM KCl, 6 mM MgCl 2 , 1 mM CaCl 2 , 10 mM glucose, and 10 mM HEPES (pH 7.4, 320-330 mOsm). The glass electrodes were pulled from thin-walled borosilicate capillary glass (Fisher) on a P-2000 Quartz Micropipette Puller (Sutter Instruments), fire-polished to a resistance of 1-2 MX on an MF-830 Micro Forge (Narishige), and filled with an internal solution consisting of 153 mM KCl, 1 mM MgCl 2 , 5 mM EGTA, 10 mM HEPES, and 2 mM MgATP (pH 7.3, 310 mOsm). The Cl -equilibrium potential across the cell membrane was close to zero with the combination of external and internal solutions. Cells were voltageclamped at -20 mV using an Axopatch 200A amplifier (Axon Instrument). GABA was applied to the lifted cells using a rapid perfusion system (open tip exchange times \700 ls) consisting of multibarrel square glass connected to a Perfusion Fast-Step (Warner Instruments), which was controlled by Clampex 9.0 (Axon Instrument).
Inward GABA-evoked macroscopic currents were lowpass filtered at 2 kHz and digitized at 5-10 kHz using Digidata 1322A. Their peak amplitudes and 10-90 % rise time were analyzed using Clampfit 9.0 (Axon Instruments). Desensitization and deactivation time courses were fitted using the Levenberg-Marquardt least squared error method in the form: P A i e (-t/si) ? C, where A i and s i are the relative amplitude and the time constant of the ith component, respectively; t is the time; C is the residual current at the end of fitting. Deactivation time courses were then evaluated by weighted time constant calculated with the follow:
Data were expressed as mean ± SE.
Single-Channel Recording and Data Analysis
Single-channel currents were recorded in cell-attached configuration as described previously [9, 17] . Cell-attached single-channel currents were recorded from HEK293T cells bathed in external solution containing 140 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 10 mM glucose, and 10 mM HEPES (pH 7.4). Glass electrodes were pulled from thick-walled borosilicate capillary glass (World Precision Instruments) on a P-2000 Quartz Micropipette Puller (Sutter Instruments) and fire-polished to a resistance of 10-20 MX on an MF-830 Micro Forge (Narishige) before use. During recording, 1 mM GABA was present in the electrode solution containing 120 mM NaCl, 5 mM KCl, 10 mM MgCl 2 , 0.1 mM CaCl 2 , 10 mM glucose, and 10 mM HEPES (pH 7.4) [18] . The electrode potential was held at ?80 mV. Single channel currents were amplified and low-pass filtered at 2 kHz using an Axopatch 200B amplifier, digitized at 20 kHz using Digidata 1322A, and saved using pCLAMP 9 (Axon Instruments). Data were analyzed using TAC 4.2 (Bruxton Corporation). Open and closed events were analyzed using the 50 % threshold detection method. All events were carefully checked visually before being accepted. Only patches showing no overlaps of simultaneous openings were accepted. Open and closed time histograms as well as amplitude histograms were generated using TACFit 4.2. Single-channel amplitudes (i) were calculated by fitting allpoint histograms with single-or multi-Gaussian curves. The difference between the fitted ''closed'' and ''open'' peaks was taken as i. Duration histograms of the mean open time and mean closed time were fitted with exponential components in the form:
, where A i and s i are the relative area and the time constant of the ith component, respectively, and t is the time. The number of components required to fit the duration histograms was increased until an additional component did not significantly improve the fit [7] . The mean open time and the mean closed time were then calculated as follow: P A i s i [7, 17] . The open probability (P open ) within clusters of burst openings (10 ms) of single channel activity was calculated as the mean of fractions of time that a channel is open within clusters. Data were expressed as the mean ± SEM.
Statistical Analysis
Unless otherwise specified, one-way ANOVA with Tukey's post hoc test was used to determine if there were significant differences among different transfection conditions.
Results
Co-expression of c2S Subunits with a1 and b2 Subunits Changed Endo H Digestion Patterns of b2, but not a1, Subunits Co-expression of ternary abc proteins creates receptors with markedly different functional properties from binary ab containing receptors. Since oligomerization of subunits to form polymeric proteins can hinder N-glycan processing at certain positions [4] and disrupted glycosylation produces profound changes in receptor expression and function, we wanted to test the hypothesis that inclusion of c2 subunits into GABA A receptors alters N-glycan processing of a1 and b2 subunits. Toward that end, we compared the endo H digestion patterns of a1 and b2 subunits with co-expression of a1b2 or a1b2c2S subunits in HEK293T cells (Fig. 1) .
Endo H removes high-mannose, but not complex, N-glycans from glycoproteins, while PNGase F removes all N-glycans from glycoproteins. The endo H resistance of a given Nglycan indicates its exposure to and processing by Golgiresident enzymes. Relative to the mobility of the same subunits treated with PNGase F, subunits that migrated more slowly and at higher molecular masses following treatment with endo H were classified as ''endo H resistant''. By comparing mobility of endo H resistant subunits to those of undigested and PNGase F treated subunits, we evaluated the hindrance of N-glycan processing caused by subunit folding and/or receptor assembly.
The a1 and b2 subunits contain two and three N-linked glycosylation sites, respectively, and all of the sites were glycosylated in HEK293T cells [9, 19] . Consistent with previous reports [13, 20] , with co-expression of a1b2 or a1b2c2S subunits, untreated a1 subunits migrated at 51 kDa, and endo H digestion patterns were similar and each showed two bands: one endo H resistant band migrating at 48 kDa (post Golgi processed subunits with one mature and one immature glycan) and one endo H-sensitive band migrating at 46 kDa (ER resident subunits with two immature glycans) (Fig. 1a) . Since there was no band migrating at 51 kDa following endo H treatment (expected for both sites having mature glycans), processing of one of the two N-glycans of a1 subunits in the Golgi apparatus was hindered in a c2S subunit-independent manner.
Glycosylation of the three b2 glycosylation is relatively complex. We have shown previously that the glycan occupancy and enzymatic processing may be different at each of the three potential glycosylation sites. More specifically, we found that a significant portion of the subunits do not actually have a glycan at the N32 site. In untreated protein samples from ab transfected cells, this produced an upper (54 kDa) triply glycosylated band (N32, N104 and N173 sites) and a lower (51 kDa) doubly glycosylated band (N104 and N173 sites). In addition, the N173 site was incompletely processed within the Golgi and was therefore endo H-sensitive. Following endo H treatment, the subunits from cells transfected with binary ab subunits have 3 bands (Fig. 1b) . The uppermost band (53 kDa) represents subunits with 2 mature glycans (N32 and N104), the middle band (50 kDa) is due to proteins with only a single, fully processed N104 glycan and the faint lowest band represents subunits with no mature glycans. The endo H digestion pattern of b2 subunits, however, was altered by c2 subunit co-expression. Similar to binary ab subunit expressing cells, with a1b2c2S subunit co-expression the untreated b2 subunits ran as two separate bands at 54 and 51 kDa. However, following endo H treated membrane b2 subunits showed only one endo H resistant band migrating at 51 kDa consistent with only a single, fully processed glycan (Fig. 1b) . Thus processing of one of the three N-glycans of b2 subunits in the Golgi apparatus (glycan at either the N32 or N104 site) was hindered in a c2S subunitdependent manner, demonstrating that co-expression of c2S subunits altered the endo H digestion pattern of b2, but not a1, subunits.
The Endo H Digestion Pattern of b2 Subunits from Neonatal c2
?/-Knockout Mice that have a c2 Subunit Deficiency was Distinguishable from that of b2 Subunits from Wild-Type Mice With a1b2c2 subunit co-expression, insufficient c2 subunit levels resulted in expression of both binary and ternary receptors [21] . Consistent with this report, we observed that a small fraction of endo H-digested b2 subunits migrated at 53 kDa when plasmids encoding a1, b2 and c2S subunits were co-transfected into HEK293T cells at a 1:1:0.5 ratio (data not shown). To confirm the physiological relevance of these findings, we sought to determine if a similar change in glycosylation pattern occurred in the brain. Heterozygous c2
?/-mice have normal numbers of GABA binding sites but decreased numbers of benzodiazepine binding sites, suggesting a relative decrease of c2 subunitcontaining receptors [15] . To determine whether the decreased c2 subunit incorporation in vivo resulted in altered b2 subunit glycosylation, the endo H digestion pattern of b2 subunits from neonatal wild-type mice was compared to that from mutant c2
?/-mice with lower c2 subunit expression levels [15] . However, given that a3, but Fig. 1 Endo H digestion patterns of b2 subunits with a1b2 subunit co-expression were different from those with a1b2c2S subunit coexpression. a RIPA buffer extracted proteins from HEK293T cells with co-expression of binary a1b2 subunits or ternary a1b2c2S subunits were undigested (U) or digested with endo H(H) or PNGase F(F) endoglycosidase and then were subjected to SDS-PAGE. Resolved proteins were probed with an anti-a1 subunit antibody. After endo H digestion, subunits migrating at the same mass as that of subunits digested with PNGase F (46 kDa) were considered endo H-sensitive, while those migrating more slowly ([46 kDa) were considered endo H resistant. Combinations of subunit co-expression are indicated along the bottom of the figure. b The same as A, but proteins were probed with an anti-b2/3 subunit monoclonal antibody. After endo H digestion, subunits migrating more slowly than those at 47 kDa were considered endo H resistant not a1, subunits are mainly expressed in cortex and thalamus at early developmental stages [22] , we first examined whether c2S subunits also led to disappearance of the 53 kDa fraction of endo H-digested b2 subunits with a3b2c2S subunit co-expression in HEK293T cells (Supplemental Figure 1 ). When co-expressed with a3 subunits, undigested b2 subunits showed the same mobility (migrating at 54 and 51 kDa) as when they were coexpressed with a1 subunits. Similarly, endo H-digested surface b2 subunits with a3b2 subunit co-expression migrated as two bands at 53 and 50 kDa, while those with a3b2c2S subunit co-expression migrated at 51 and 47 kDa (Supplemental Figure 1) . Thus, the c2S subunit-mediated hindrance of b2 subunit N-glycan processing occurred in both a1 and a3 subunit-containing GABA A receptors.
Using a monoclonal antibody against both b2 and b3 subunits, b2 and b3 subunits and their associated proteins were then immunoprecipitated from wild-type or mutant mice, and the levels and mobilities of b2 and c2 subunits were evaluated by a combination of SDS-PAGE and Western blots using polyclonal antibodies against b2 or c2 subunits (Fig. 2 ). The b2 subunits purified from neonatal mice mainly migrated at 52 and 50 kDa, and the c2 subunits mainly migrated at 47 and 43 kDa (Fig. 2a) . Consistent with a previous report [15] , heterozygous GABRG2 deficiency led to about a 23 % reduction of c2 subunits associated with b2/3 subunits relative to the wild-type condition (Fig. 2b) . In proteins isolated from wild-type mouse brain, endo H treatment shifted neuronal b2 subunits from 52 and 50 kDa to 49 and 47 kDa (Fig. 2c) . The molecular mass shifts were similar to those of endo H-digested b2 subunits with a1b2c2S subunit co-expression in HEK293T cells. In addition, b2 subunits from heterozygous GABRG2 knockout mice had an appreciable endo H resistant third band at 52 kDa, which was at the expense of reduction of the endo H-sensitive band at 47 kDa (Fig. 2c, d ). These findings suggested that the decrease of c2 subunit level could be quantified by the increase of the 52 kDa fraction of endo H-digested b2 subunits in the brain. It is worth mentioning that mobilities of neuronal b2 subunits were slightly difference from those of subunits purified from HEK293T cells. Further investigation is required to determine whether the difference was due to absent glycosylation at N173 or to different processing of N-glycans attached to the three glycosylation sites.
Co-expression of c2S Subunits Caused a Fraction of Surface b2 Subunits to be Endo H-Sensitive
The endo H digestion of whole cell extracts of HEK293T cells or neonatal mouse brain suggested that co-assembly with c2 subunits hindered b2 subunit N-glycans from acquiring endo H resistance at some glycosylation site(s).
We sought to determine whether a small fraction of the b2 subunits remained ''endo H-sensitive'' despite being trafficked beyond the Golgi apparatus. Of course, another source of endo H-sensitive proteins are the recently translated intracellular proteins that have not had sufficient time to complete processing and trafficking through the ER and Golgi apparatus. To help differentiate these two sources of A B C D Fig. 2 The endo H digestion pattern of b2 subunits from heterozygous GABRG2-knockout mice was different from that of wild-type mice. a Whole brains without cerebella of wild-type (c2
) or GABRG2 heterozygous-knockout (c2 ?/-) mice were extracted with RIPA buffer. GABA A receptor complexes were immunoprecipitated using the monoclonal anti-b2/3 subunit antibody. Purified protein complexes were resolved as duplicates using SDS-PAGE and subjected to western blotting. Each of the duplicates was probed by anti-b2 subunit cytoplasmic loop antibodies (upper panel) or by antic2 subunit antibodies (lower panel). b The integrated density volumes (IDV; pixel intensity 9 mm 2 ) of b2 or c2 subunits from A were calculated and normalized to the corresponding subunit IDV of an arbitrarily chosen wild-type condition. The ratio of c2 subunit IDV versus b2 subunit IDV for each condition was then calculated and then normalized to the c2:b2 ratio of protein from wild-type animals in each experiment. The plot shows the pooled ratios of the c2
(grey bar) and c2
?/-groups (checkered bar). endo H-sensitive proteins, we isolated GABA A receptors from the cell surface and subjected them to endo H digestion (Fig. 3) . Previously we demonstrated that co-expression of a1b2 subunits produces surface b2 subunits with an immature glycan at N173 and that a portion of the surface b2 subunits also have no glycan at all at N32. This results in two bands in untreated samples, and a small downward shift of both bands following endo H digestion [9] . A similar pattern was found in the present study for b2 subunits assembled in surface a1b2 receptors (Fig. 3a) . It is worth noting that, unlike with whole cell lysates (Fig. 1) , while both surface b2 subunit bands were shifted to lower masses following endo H treatment (to 53 and 50 kDa), they remained higher than those of the PNGase F treated b2 subunits (47 kDa). These results suggested that surface b2 subunit N32 glycans (only in the 53 kDa fraction) and N104 glycans (in the 53 and 50 kDa fractions) underwent complete processing within the Golgi apparatus when b2 subunits were co-expressed in surface binary a1b2 receptors (Fig. 3a, left  panel) . On the other hand, in surface ternary a1b2c2S receptors, the endo H-digested b2 subunits migrated as two bands at 50 and 47 kDa (Fig. 3a, right panel) . The presence of the endo H-sensitive 47 kDa band suggested that coexpression of c2 subunits hindered processing of N104 Nglycans because if co-expression of c2S subunits hindered processing of only those N-glycans attached to the N32 glycosylation sites, the endo H-digested surface b2 subunits would migrate as a single band at 50 kDa (see above).
An Intact N104 Glycosylation Site was Required for c2S Subunit-Dependent Hindrance of b2 Subunit N-Glycan Processing To further determine the site at which N-glycans were affected by incorporation of c2S subunits, we compared endo H digestion patterns of b2 subunits containing an Asn to Gln mutation at one of the three N-linked glycosylation sites (i.e. N32Q, N104Q or N173Q) in surface receptors from cells co-expressing binary a1b2 or ternary a1b2c2S subunits ( Fig. 3b-d) . Mutating the N32 glycosylation site with either a1b2(N32Q) or a1b2(N32Q)c2S subunit co-expression converted the pair of bands seen in untreated surface b2(N32Q) subunits to a single band migrating at 51 kDa, again suggesting that N32 was glycosylated inefficiently (Fig. 3b) . Moreover, in surface binary a1b2(N32Q) receptors, this band was shifted to 50 kDa following endo H treatment. In contrast, in cells co-expressing a1b2(N32Q)c2S subunits, endo H treatment of the b2(N32Q) subunits produced two bands migrating at 50 and 47 kDa. Taking into account that N173 glycans remained endo H-sensitive, these findings suggested that co-expression of a1b2(N32Q)c2S subunits produced a mixed population of b2(N32Q) subunits in which some N104 glycans were processed within the Golgi apparatus, while others were not.
In support of the hypothesis that an intact N104 site was required for the c2S subunit induced differences, endo H treated surface b2(N104Q) subunits migrated primarily as one 50 kDa band when co-expressed either with both a1 and c2S subunits or with a1 subunits alone (Fig. 3c) . Of note, the presence of a single 50 kDa band also suggested that the N104 mutation facilitated glycosylation at N32, because any b2(N104Q) subunits lacking N32 glycans should migrate at 48 kDa. The reason for this is unclear, but it may be related to the fact that subunits lacking glycans at both N104 and N32 glycosylation sites were rapidly degraded and rarely assembled into receptors [8] . Furthermore, the 1 kDa shift seen in b2(N104Q) subunits after endo H digestion suggested that N-glycan processing at one of the remaining glycosylation sites, presumably N173, was hindered with both binary a1b2(N104Q) and ternary a1b2(N104Q)c2S subunit co-expression. Fig. 3 A fraction of N-glycans attached to the N104 sites of surface b2 subunits with co-expression of a1 and c2S subunits was endo H-sensitive. a Surface proteins of HEK cells with binary subunit coexpression (control a1 and b2 subunits; left panel) or ternary subunit co-expression (control a1, b2 and c2S subunits; right panel) were biotinylated and pulled down with streptavidin beads. The purified surface proteins were undigested (U) or digested with endo H(H) or PNGase F(F) endoglycosidase. Digested proteins were resolved by SDS-PAGE and probed with anti-b2 subunit cytoplasmic loop antibodies. b-d The same as in a, but the b2 subunits contained an Asn to Gln mutation of N32 (b), N104 (c) or N173 (d) glycosylation site. The combinations of subunit co-expression are indicated along the top of the panels Finally, mutation of the N173 site did not block the c2S subunit effect (Fig. 3d) . With co-expression of binary a1b2(N173Q) subunits, undigested surface b2(N173Q) subunits migrated as two bands at 53 and 50 kDa, and this pattern was unaffected by endo H treatment. In contrast, with co-expression of ternary a1b2(N173Q)c2S subunits, while surface b2(N173Q) subunits also migrated as two bands at 53 and 50 kDa, endo H treatment shifted the two bands to 51 and 47 kDa. The presence of the 47 kDa band in endo H-treated b2(N173Q) subunits from surface receptors from a1b2(N173Q)c2S subunit transfected cells suggested the existence of a population of b2(N173Q) subunits in which the N32 sites were not glycosylated and N104 N-glycans were incompletely processed within the ER and/or Golgi apparatus. Taken together, these results suggested that co-expression of c2S subunits did not change endo H sensitivity of surface b2 subunit N32 and N173 N-glycans. Rather, c2S subunit co-expression hindered processing of the glycan group attached to the N104 site of b2 subunits.
It is worth noting that the enrichment of surface proteins from HEK293T cells with binary a1b2 subunit co-expression was done in parallel with that from cells with ternary a1b2c2S subunit co-expression. Since there was no apparent fraction of surface b2(N32Q) or b2(N173Q) subunits with binary subunit co-expression that had a band migrating at 47 kDa, the observed endo H-sensitive fraction of the mutant surface b2 subunits with ternary subunit co-expression was not likely due to the labeling of intracellular subunits.
Intact b2 Subunit Glycosylation Sites were Important for Surface Expression of c2S Subunits
Previously we showed that glycosylation of N32 was not required for a1b2 receptor surface expression [9] . However, it is possible that glycosylation of N32 was important for surface expression of a1b2c2S receptors. This hypothesis is supported by preliminary molecular modeling that predicts that b2 subunit residues 30-31 interact strongly with c2 subunit residues 82-90, which are crucial for c-b intersubunit communication [11, 12] (data not shown). Consequently, there may be appreciable surface expression of binary a1b2(N32Q) receptors in HEK293T cells transfected with a1b2(N32Q)c2S subunits. The resultant mixture of binary a1b2(N32Q) and ternary a1b2(N32Q)c2S receptors may explain why the processing of N104 N-glycans of surface b2(N32Q) subunits was not fully blocked by c2S subunits. To examine this hypothesis, we used flow cytometry of cells transfected with ternary a1b2c2S subunits to quantify surface levels of individual mutant b2 subunits containing an Asn to Gln mutation of one of the three N-linked glycosylation sites and compared these with ''control'' b2 subunits (Fig. 4) . We and others have found that flow cytometry with unpermeabilized cells is an efficient way to selectively measure transfected subunit surface expression, without contamination from the intracellular proteins [13, 23] . To monitor surface levels of individual subunits, FLAG epitopes were introduced into a1, b2 and c2S subunits and only one of the three subunits contained a FLAG tag when coexpressed. Thus, for each experimental condition, such as to evaluate effects of the N32Q mutation, three experimental conditions were used, i.e. a1 FLAG b2(N32Q)c2S, a1b2 (N32Q) FLAG c2S and a1b2(N32Q)c2S FLAG subunit co-transfection. Surface levels of the FLAG-tagged partnering a1 and c2S subunits and FLAG-tagged mutant b2 subunits were then expressed as percentages of their corresponding ''control'' subunit levels, i.e. a1 FLAG subunits with a1 FLAG b2c2S, b2 FLAG subunits with a1b2 FLAG c2S, and c2 FLAG subunits with a1b2c2S FLAG subunit co-expression (Fig. 4b) . We previously found that the N104Q mutation severely suppressed the a1 and b2 subunit levels on the surface when expressed as binary receptors. The N104Q mutation in ternary receptors caused a similar, albeit less dramatic, reduction to 82 and 59 % of corresponding control subunit surface levels of partnering a1 and c2S subunits. The N32Q and N173Q b2 subunit mutations decreased partnering c2S subunit surface levels to 84 and 76 % of control subunit surface levels, respectively (Fig. 4b) . In contrast, the N32Q mutation significantly increased surface levels of partnering a1 subunits to 118 % of control levels (Fig. 4b) . Though not statistically significant, N32Q, N104Q and N173Q mutation caused corresponding mutant b2 subunits to 120, 82 and 120 % of control levels. Together, these data suggested that binary a1b2(N32Q) receptors were expressed on the cell surface at the expense of ternary a1b2(N32Q)c2S receptor surface expression when the N32 glycosylation sites were mutated. Further, the presence of surface binary a1b2(N32Q) receptors may explain the significant portion of the b2(N32Q) subunits that had endo H resistant N104 glycans with a1b2(N32Q)c2S subunit co-expression.
N104 Glycosylation Regulated Gating of a1b2c2L Channels
We next explored the functional consequences of blocking individual glycosylation sites using electrophysiological recordings. For these experiments we used the long form of the c2 subunit (c2L) to allow us to compare the current findings to previous work from our laboratory. Given that c2S and c2L subunits only differ by eight amino acids in the TM3-4 cytoplasmic loop, it is not surprising that we found that both isoforms had identical effects on glycosylation of amino acids at the b2 extracellular N-terminus (data not shown). As discussed above, co-expression of c2 subunits appeared to affect N-glycan processing most prominently at the N104 site. Based on the homology model of the GABA A receptor b2 subunit, the N32 and A B Fig. 4 Glycosylation site mutations of b2 subunits altered surface levels of partnering subunits. a Flow cytometry was used to determine surface expression levels of ternary a1b2c2S GABA A receptors containing mutated, glycosylation-deficient b2 subunits. Surface levels of FLAG-tagged subunits were analyzed using PE-conjugated monoclonal anti-FLAG antibody (M2 clone) and plotted as fluorescence intensity histograms. The x-axis indicates the fluorescence intensity in arbitrary units (note the log scale), and the y-axis indicates the percentage of the maximum cell count. Representative distributions obtained from mock transfected cells (unfilled histograms) were overlaid with each experimental distribution (filled histograms). Upper panels indicate FLAG intensities on the cell surface from FLAGtagged a1 subunits (a1 FLAG ) co-expressed with non-tagged control or mutant b2 subunits, and with non-tagged c2S subunits. Middle panels indicate FLAG intensities on the cell surface from FLAG-tagged b2 subunits (b2 FLAG ), with or without glycosylation site mutations, coexpressed with non-tagged a1 and c2S subunits. Lower panels indicate FLAG intensities on the cell surface from FLAG-tagged c2S subunits (c2S FLAG ) co-expressed with non-tagged a1 subunits and with nontagged control or mutant b2 subunits. b Surface a1 FLAG (black bars), b2 FLAG (grey bars) and c2S FLAG (white bars) subunit levels were quantified in each condition and expressed as percentages of cell surface levels of control subunits. The glycosylation site mutations are indicated along the bottom of the figure. Data are presented as mean ± SD. *, **, and ***p \ 0.05, p \ 0.01 and p \ 0.001, respectively, relative to control subunit co-expression N104 glycosylation sites are spatially adjacent and located on the top of the complementary side of the extracellular domain facing the c-b interface [10] . This region is homologous to the b-a interface where GABA binding occurs. A ring of similar intersubunit interfaces around the pentamer (i.e. at the b-a, a-c and c-b interfaces) have been hypothesized to be involved in transducing GABA binding at the b-a interface into conformational changes of the whole pentameric receptor complex. For example, the epilepsy associated c2(R82Q) mutation lies within the c2 subunit sequence that is homologous to a portion of the GABA binding pocket of the b subunit at the b-a interface. While the c2(R82Q) subunit mutation lies at the c-b interface and therefore would not be predicted to directly mediate GABA-binding, this mutation has been shown to severely disrupt GABA evoked channel activation by apparently long-distance conformational changes that affect GABA binding [12] . We hypothesized that lacking the large glycan group at N32 or N104 could very well also severely impair signal transduction at GABA receptors. To address this possibility, we recorded steady-state single channel currents evoked by 1 mM GABA from cells expressing a1b2c2L, a1b2(N32Q)c2L, a1b2(N104Q)c2L or a1b2(N173Q)c2L subunits (Fig. 5a ). The amplitude of single channel currents recorded from cells expressing a1b2(N104Q)c2L subunits, 1.55 pA, was significantly smaller than those expressing control a1b2c2L and mutant a1b2(N32Q)c2L or a1b2(N173Q)c2L subunits, which were 2.32 pA, 2.15 and 2.14 pA, respectively ( Fig. 5b ; Table 1 ). The N104Q mutation also decreased the mean open time of single channel openings from 5.3 to 2.4 ms (Fig. 5c) [7] . Since analysis of individual openings could therefore miss important features of channel function, we next determined whether the overall mean open probability was affected by blocking glycosylation of individual glycosylation sites. The open probability of single channel currents recorded from cells expressing control a1b2c2L subunits was 0.6, and the N32Q, N104Q and N173Q mutations each significantly decreased it to 0.4 (Fig. 5d) . Thus, single channel analyses of ternary receptors revealed that each of the three b2 glycans plays a pivotal role in channel gating. Importantly, abolishing glycosylation of the N104 residue distinctively impaired both gating efficiency and amplitude of individual single channel openings.
Since the flow cytometry results suggested that blockade of one or more glycosylation sites might cause increased surface expression of binary ab receptors, we specifically compared the current single channel current results (a1b2(NxQ)c2L) with previously acquired data from cells transfected with only a1 and glycosylation deficient b2 subunits (a1b2(NxQ)) [9] . Typically, binary a1b2 receptors have small single channel conductances, and short mean open times comprised primarily of brief (O1) openings. We found previously that mutant binary a1b2(NxQ) receptors had similar properties, but even briefer mean open times. In contrast, ternary a1b2c2L receptors had much larger single channel conductances, and longer mean open times with the vast majority of openings occurring as clusters of longer open events (O2 and O3). We found that the single channel properties of ternary a1b2(N32Q)c2L and a1b2(N173Q)c2L receptors could easily be distinguished from binary a1b2(N32Q) and a1b2(N173Q) receptors, respectively. In each instance the single channel properties recorded from cells co-transfected with mutant b2(N32Q) or b2(N173Q) and a1c2L subunits showed more than a twofold greater current amplitude and mean open time than recorded from cells expressing a1b2(NxQ) subunits. Moreover, while essentially all of the openings of single channel currents recorded from cells expressing binary a1b2(N32Q) or a1b2(N173Q) subunits were due to brief (O1) events, the open time distributions recorded from ternary a1b2(N32Q)c2L or a1b2(N173Q)c2L subunits were dominated by the longer O2 and O3 events, with only a very small fraction of brief O1 events. In summary, while the protein expression results indicate a possible mixture of binary a1b2(N32Q) and ternary a1b2(N32Q)c receptors expressed on the cell surface, the single channel data suggest that any surface binary ab receptors make only a trivial contribution to the overall GABA evoked currents. However, it should also be noted that the steadystate recordings reported here may underestimate the expression of highly desensitizing binary ab containing receptors [24] .
Glycosylation of b2 Subunits Regulated GABA Potency of a1b2c2L Receptors
We hypothesized that altering the glycan conformation at N32 and/or N104 might disrupt the normal subunit interactions responsible for coupling agonist binding to channel activation.
While our single channel results provide insight into the steady state activation by saturating concentrations of GABA, altering the protein conformations at the c-b subunit interface may also cause changes in the rates and/or GABA concentration-dependence of receptor activation. To test this hypothesis, we recorded the whole cell currents evoked by 1 mM (a near saturating GABA concentration for a1b2c2 receptors) or 10 lM (near the GABA EC 25 for a1b2c2 receptors) GABA application to lifted HEK293T cells coexpressing a1b2c2L, a1b2(N32Q)c2L, a1b2(N104Q)c2L or a1b2(N173Q)c2L subunits (Fig. 6 ). Unlike our previous findings with binary ab receptors, we found that elimination of any single b2 subunit glycosylation site did not cause a robust reduction in a1b2c2L current amplitudes evoked by 1 mM GABA, although there was a non-significant trend toward current amplitude reduction with b2(N104Q) and b2(N173Q) mutations (Fig. 6a, d ). On the other hand, peak amplitudes of 10 lM GABA currents normalized to the 1 mM current amplitudes recorded with expression of a1b2(N32Q)c2L, a1b2(N104Q)c2L or a1b2(N173Q)c2L subunits were 10, 3 and 3 % of 1 mM currents, respectively, and were smaller than those recorded from cells expressing control a1b2c2L subunits, which were 24 % of 1 mM currents (Fig. 6a, d) . These results suggest that removal of any of the three To explore further functional differences, we evaluated rise time, desensitization and deactivation rates of macroscopic currents evoked by 1 mM GABA application. In addition to the disrupted gating described above, we also found that the rise time of currents recorded from coexpressed a1b2(N173Q)c2L subunits was 3.5 ms, which was significantly slower than those from a1b2c2L, a1b2(N32Q)c2L and a1b2(N104Q)c2L subunits (1.8, 2.0 and 2.1 ms, respectively) (Fig. 6b, e) . The extents of desensitization were not different from controls, but the deactivation time of currents recorded from co-expressed a1b2(N173Q)c2L subunits was significantly faster than that of the wild-type currents (Fig. 6c, e) . The weighted deactivation time constants of currents recorded from co-expressed a1b2c2L, a1b2(N32Q)c2L, a1b2(N104Q)c2L and a1b2(N173Q)c2L subunits were 119, 105, 73, and 46 ms, respectively. Collectively, while the b2 subunit N104Q mutation produced the greatest disruption of agonist-evoked activation, removal any of the three b2 subunit glycosylation sites impaired GABA potency and reduced single channel mean open time. In addition, the b2 subunit N173Q mutation resulted in currents with slower rise times and faster deactivation than controls. The molecular mechanism for these changes remains undetermined. However, the combination of reduced potency, slowed activation and faster deactivation raise the possibility that mutating N173 caused a long-distance change in GABA binding sites at b-a interface. While the b2 subunit N32Q mutation produced more modest changes, it is worth remembering that a significant fraction of wild-type a1b2c2 receptors also include b2 subunits lacking N32 glycans, and therefore this analysis of mutant N32Q subunits likely underestimates the importance of N32 glycosylation on function of a1b2c2 receptors. In this study, we identified complex interactions among b2 subunit N-glycosylation, c2 subunit incorporation, and However each glycan also had unique effects on GABA A receptor expression and function. In the ER lumen, standard ''core'' glycans are attached to the side chain nitrogen of asparagines that are in the glycosylation consensus sequon, Asn-Xaa-Ser/Thr (Xaa not Pro) [25, 26] . However, sequons with threonine residues are more efficiently glycosylated than sequons containing serine residues [27] , and N32 is in a serine-containing sequon. Thus, similar to a1b2 receptors, with expression of a1b2c2 receptors the b2 subunit N32 glycosylation site was inefficiently glycosylated, but all glycans occupying that site acquired endo H resistance. The N32 residue lies in a short segment of the b2 subunit that participates in formation of the c-b subunit interface with residues 83-90 of the c2 subunit [11] . Removal of this glycan reduced GABA potency and decreased single channel open probability. Some of these changes, along with the surface expression studies, are consistent with increased expression of binary a1b2 receptors on the cell surface. Surface expression of binary ab receptors has been well-substantiated in recombinant expression systems, and may even play a modest role in conveying tonic inhibition in neurons [28] . Moreover, the single channel open time kinetics argue that binary a1b2(N32Q) receptors were only a minor component in the overall GABA-evoked charge transfer in a1b2(N32Q)c2 transfected cells. The high-mannose (immature) glycan at the N173 site also lies in a crucial segment of the N-terminus, the ''signature cys loop'' (loop7). Very close by within the same cys-loop is residue D170, which forms an A B C D E Fig. 6 Glycosylation site mutations decreased potency of 10 lM GABA and changed macroscopic current kinetics. a Representative currents were obtained from cells co-expressing a1b2c2L, a1b2(N32Q)c2L, a1b2(N104Q)c2L, or a1b2(N173Q)c2L subunits in response to rapid, 4 s application of 1 mM (black traces) or 10 lM (grey traces) GABA. The duration of GABA application was indicated by a black bar above the current traces. Cells were clamped at -20 mV. b The GABA-evoked currents (1 mM) recorded from cells co-expressing a1b2c2L (solid line) a1b2(N173Q)c2L (dashed line) subunits were scaled to have the same peak size. The rise time of currents recorded from a1b2(N173Q)c2L subunits was slower than that of control currents. c The same as b, but the 1 mM GABAevoked currents (1 mM) recorded from cells co-expressing a1b2c2L or a1b2(N173Q)c2L subunits were scaled to have the same size of residual current amplitudes at the end of a 4 s GABA application. The currents recorded from a1b2(N173Q)c2L subunits reached the baseline faster than those recorded from a1b2c2L subunits.
d Means of peak current amplitudes (I max ) recorded from cells coexpressing a1b2c2L (black bars), a1b2(N32Q)c2L (checkered bars), a1b2(N104Q)c2L (white bars), or a1b2(N173Q)c2L (hatched bars) subunits evoked by 1 mM GABA or by 10 lM GABA (expressed as % of I max ) were plotted. e Rise time and weighted deactivation time constants of currents recorded from a1b2c2L (black bars), a1b2(N32Q)c2L (checkered bars), a1b2(N104Q)c2L (white bars), or a1b2(N173Q)c2L (hatched bars) subunits were plotted. Data are presented as mean ± SE. *, ** and ***p \ 0.05, p \ 0.01 and p \ 0.001, respectively, relative to control a1b2c2L receptor currents intramolecular salt bridge with residue K239 in the b2 pre-M1 segment [29] . This interaction is critical for coupling GABA binding to channel opening. Consequently, it is not surprising that mutation of the N173 glycosylation site had relatively modest effects on subunit expression and steady state single channel properties, but greatly disturbed the kinetic properties of receptor activation/deactivation. Activation and deactivation of GABA A receptors can shape the amplitude and duration of IPSCs, respectively, so the glycan at N173 could affect both amplitude and duration of IPSCs. In this way, glycosylation of N173 might play a role in net charge transfer of IPSCs and strength of neuronal transmission. Somewhat unexpected was the finding that the N104Q glycosylation-deficient mutation had the greatest impact on receptor expression and function in both binary [9, 29] and ternary GABA A receptors. This particular residue does not reside in, or appear to directly interact with any welldefined GABA binding/transduction sequence. Nonetheless, loss of glycosylation at this site impaired overall protein expression and caused reduced single channel conductance, open probability and mean open time. We speculated previously that the N104 glycans of b2 subunits in binary ab receptors may interact with adjacent a1 and b2 subunits (for the potential b2-b2-a1-b2-a1 counterclockwise stoichiometry when viewed from the synaptic cleft) and help form the a-b and b-b subunit interfaces. Given the current results that co-expression of c2 subunits prevented N104 glycans from acquiring endo H resistance, we further hypothesize that the incorporation of c2 subunits and the subsequent conformational change of GABA A receptors impaired complete enzymatic processing of N104 glycans.
Preliminary molecular modeling of a1b2c2 receptor (the c2-b2-a1-b2-a1 counterclockwise stoichiometry) showed that the N104 site on one of the b2 subunit proteins is immediately facing the adjacent c subunit's C loop (loop 10). There are a number of hydrophilic amino acids in this region, and one might hypothesize that the glycan moiety could form multiple hydrogen bonds, thereby serving as a structural interface between subunits. One potential mechanism is that the glycan itself may help form the c-b and a-b subunit interface, perhaps by providing a series of hydrogen bonds between the b2 subunit, and some of the nearby c2 sequences, such as those in the loop equivalent to the GABA-binding C loop (loop10). This possibility is supported by our finding that c2 subunit levels were inversely correlated with b2 subunit N104 glycan maturity in both recombinant and native GABA A receptors; that is, c2 subunit incorporation into the receptor pentamer appeared to impair processing of the N104 glycan. While speculative, the fact that inclusion of c2 subunits blocks access to and/or complete processing by Golgi resident glycosidases is certainly consistent the N104 glycan being buried in the intersubunit interface.
b2 Subunit N104 N-Glycan Processing was Impaired Specifically by c2 Subunit Incorporation It is generally accepted that most GABA A receptors contain at least two a and two b subunits and that the fifth position varies among receptor isoforms [13, 30] . Thus, the fifth position may be occupied by an a or b subunit in binary a1b2 receptors and by a c subunit in ternary a1b2c2 receptors. However, other ternary receptors exist, most notably abd receptors. Interestingly, similar to co-expression of a1b2 subunits, co-expression of a1b2d subunits in HEK293T cells yielded surface b2 subunits that mainly migrated at 53 and 50 kDa after endo H digestion (data not shown). These preliminary data suggested that processing of b2 subunit N104 N-glycans was hindered specifically by c2 subunit co-expression and not simply by any non-b subunit occupying the fifth subunit position.
Incorporation of the c2 Subunit into a1b2c2S
Receptors can be Quantified Using the Relative Expression of the Endo H Resistant 52 kDa Fraction of Neuronal b2 Subunit Protein
The distinct endo H digestion pattern of b2 subunits with a1b2c2S subunit co-expression is potentially useful to probe the relative decrease of ternary a1/3b2c2 receptor assembly in vivo. With a decrease of approximately 20 % of c2 subunit-containing receptors, we were able to observe an increase in the 52 kDa fraction of endo H-digested b2 subunits in neonatal mice (Fig. 2) . Several mutations in c2 subunits associated with genetic epilepsy have been demonstrated to impair assembly of c2 subunit-containing receptors [31] . For instance, a mouse model confirmed that the c2 subunit R82Q mutation decreased the surface level of c2 subunits but left the surface level of a1 subunits unchanged [32] . It is expected that the 52 kDa fraction of endo H-digested b2 subunits of the c2(R82Q) mice should also be increased.
Because GABA A receptors are highly heterogeneous in brain [33] , further investigation is necessary to determine whether the increase of the 52 kDa fraction of endo H-digested b2 subunits purified from c2 subunit-deficient mouse brain was due to assembly of binary receptors or due to the compensatory expression of other ternary receptors, such as ab2d receptors. Additionally, although a3 subunits could replace a1 subunits to support the c2 subunit-mediated hindrance of N104 N-glycan processing, whether other a subunit subtypes give similar results also will require further investigation.
The c2 Subunit-Induced Alterations in b2 Subunit Glycosylation were Independent of Subunit Position A question of interest regarding heterogeneity of b2 subunit N-linked glycosylation is whether hindrance of N104 N-glycan processing by c2 subunits occurs on both of the two b2 subunits of a1b2c2 receptors. With co-expression of a1b2c2S subunits, endo H-digested surface b2 subunits mainly migrated at 47 and 51 kDa (Fig. 3a, right panel) . The lack of a prominent third band migrating at 53 kDa suggested that the majority of the surface b2 subunits had processed N-glycans attached to either N32 or N104, but not both sites. It is worth noting that the ratio of the 54 and 51 kDa fractions of undigested b2 subunits of the surface a1b2c2 receptors subunits (Fig. 3a, right panel, lane 1) was not apparently different from that of the 51 and 47 kDa fractions of endo H-digested subunits (Fig. 3a, right panel,  lane 2 ). Taking into account that only a subset of b2 subunit proteins have a glycan at N32, and the fact that the glycan at N173 is endo H-sensitive, this line of evidence suggested that the 51 but not the 47 kDa fraction of the endo H-digested b2 subunits of surface a1b2c2 receptors carried the processed N-glycan at N32 site, and, more importantly, the hindrance of N104 N-glycan processing happened on both b2 subunits of a given a1b2c2 receptor.
As previously mentioned, an a1 or b2 subunit is expected to occupy the fifth position in a1b2 receptor pentamers [34, 35] . Consequently, the different b2 subunit digestion patterns with binary a1b2 and ternary a1b2c2S receptors might reflect different N-glycan processing of b2 subunits taking the fifth position in a1b2 receptors. If this were true, endo H-digested surface b2 subunits from binary receptors would be a combination of two different digestion patterns. One digestion pattern might be the same as those from a1b2c2 receptors that migrated at 51 and 47 kDa and the other from those b2 subunits taking the fifth position that migrated at 53 and 50 kDa. However, the endo H-digested surface b2 subunits of binary a1b2 receptors mainly migrated at 53 and 50 kDa without a visible band at 47 kDa. Given that the ratio of 53-50 kDa fractions of a1b2 receptors treated with endo H (Fig. 3a, left panel, lane 2) was similar to the ratio of undigested 54-51 kDa fractions (Fig. 3a, left panel, lane 1) , there was no evidence suggesting hindrance of N-glycan processing of N32 and/or N104 in the Golgi apparatus. Thus, N-glycans of b2 subunits taking the fifth position were likely processed in the same way as those conjugated to the other two b2 subunits in a1b2 receptors. It was intriguing that endo H-digested b2(N32Q) subunits of surface a1b2(N32Q)c2 receptors migrated as two bands at 50 and 47 kDa but not a single band at 47 kDa. This observation suggested that there was a mixture of mature and immature glycans at the N104 glycosylation site. Given that the N32Q mutation increased surface a1 subunit levels at the expense of surface c2 subunit levels, a mixed population of binary and ternary receptors is a potential cause for heterogeneity of endo H sensitivity. However, unlike wildtype receptors, we could not rule out the possibility that the N32Q mutation resulted in heterogeneous N104 N-glycan processing within a given a1b2(N32Q)c2 receptor. For example, the N104 residue at the c-b interface may have impaired glycan processing, while the N104 glycan at the ab interface is fully processed.
Collectively, our results show that, similar to binary a1b2 receptors, glycosylation of the b2 subunit is an important regulator of ternary a1b2c2 receptor expression and function. In addition, the present findings report a c2 subunitdependent impairment of N104 glycan processing. How inclusion of the c2 subunit impairs glycan processing remains to be determined. Furthermore, we speculate that the N104 glycan may even help form part of the functional interface between the c and b subunits, thereby providing a novel function of protein glycosylation in GABA A receptors.
